Like any task in optical design, large lighting projects such as architectural, automotive, street, security, or entertainment systems still need to be characterized for output color and luminance. However, these distributions are difficult to measure because of both the size of the source and the large space required for the measurements. For such lighting systems, the illumination pattern is so large that measurement logistics in controlled laboratory environments become difficult and expensive. This problem is solved by looking at it from a completely different perspective. Instead of measuring the illumination distribution and having to control the light source, the extended measurement environment, the target surface, and the measurement system, we just measure the light-source parameters directly. This allows measurement from within the near field. The data gathered is then extrapolated to generate the illumination distribution at any distance from the light source. This technique has been demonstrated to work successfully for sources such as down lights, lighting tubes, and automobile headlamps.
Figure 1. Setup for measuring light-source luminance and color distribution. The setup includes a high-dynamic-range imaging colorimeter for capturing luminance and color data and a two-axis goniometric system to allow tilting and rotating of the light source.
The goniometric system moves the light source through a series of inclination angles relative to the fixed position of the imaging colorimeter, tilting and rotating the source until a complete network of measurements is taken. The multiple images capture the spatial distribution of the light output, which is modeled as an extended source.
Typically the source is tilted through a ±90 • range and then rotated by ±90 • from left to right for each tilt angle. The measurement steps can be as small as 0.1 • , although for practical applications very good results are obtained with steps as large as 2.5-5 • . One can also also have different step sizes for different parts of the measurement. Testing time typically ranges from 0.5 to several hours, depending on the source and measurement resolution desired. Once the complete set of measurements is obtained, they are combined to form the near-field performance model, which fully describes the light source's luminance and color output. The data is recorded as output light intensities. The latter are expressed as a function of the location on the source and the direction the rays travel in. This intensity function can also include color coordinates if color measurements are made. The intensity distribution can then be used for optical modeling or to generate a far-field distribution.
For optical modeling, the intensity function is used to generate a ray set for importing into optical modeling software. The ray set is generated by randomly selecting the light-ray travel direction and an originating pixel on the light source. This selection is done either with Monte Carlo methods or by weighting the direction and origin based on the measured luminance distribution. This second approach, 'importance sampling,' usually results in improved accuracy when generating the same number of rays. To generate the ray, the measured intensity function is used to extrapolate an intensity value with the specific origin and direction, and the origin is the point along that ray where it intersects a user-defined optical surface. Usually, hundreds of thousands to tens of millions of rays are generated to produce a ray set.
To generate a far-field distribution, this same methodology is followed except that the intensity distribution can be simplified by setting the location coordinates to zero for all measured data. This has the effect of treating the light source as a point source and so yields the far-field luminous-intensity distribution.
Traditionally the output of automobile headlamps is measured from about 100ft (30m). This requires a specialized (and expensive) testing facility. With the near-field measurement method the source can be measured in the space of just a few meters (see Figure 2) . Comparisons of illumination distributions extrapolated using our near-field method with those obtained by direct measurement have shown an excellent match.
The imaging-colorimetry approach is broadly applicable to general lighting systems such as lighting tubes (see Figure 3) . The method allows measurement in a compact laboratory space and is automated, making it easy to use. The measurements provide full near-field data for optical design and simulation, and color distribution by angle, and capture detailed images of the lighting system in multiple configurations useful for development and design assessment. We are currently working to adapt the system for a broader variety of light sources that have complex mounting requirements and to define the optimal measurement step sizes for these sources. We have shown that the measurements obtained with this system have excellent correlation with other standardized illumination-distribution measurement methods, in particular those for automobile headlamps. We hope to establish our approach as equivalent for the purposes of light-source certification.
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